The present study reports quick and significant changes induced by plant hormones in the volume of mesophyll protoplasts of pea (Pisum sativum). Four plant hormones: gibberellic acid (GA 3 ), indole 3-acetic acid (IAA), abscisic acid (ABA)( ± ) and methyl jasmonate (MJ), caused marked changes in the volume of mesophyll protoplasts. GA 3 and IAA increased the volume of the protoplasts (up to 90 %) whereas the ABA and MJ decreased (by about 40 %) the volume. Aquaporins or water channels appear to play an important role in swelling/shrinkage of the protoplasts as indicated by the suppression of volume changes by HgCl 2 and reversal by mercaptoethanol. The possible role of secondary messengers in volume changes induced by GA 3 was investigated by using selected pharmacological reagents. The GA 3 induced swelling was restricted by GDP-β-S (G-protein antagonist), U73122 (phospholipase C inhibitor), and TFP (calmodulin antagonist), but was not affected by 1-butanol (phospholipase D inhibitor), GTP-γ-S (G-protein agonist), or verapamil (calcium channel blocker). The results suggest that the mesophyll protoplasts can be a simple and useful system for further studies on volume changes in plant tissues. 
Introduction
Plant protoplasts can be prepared from a wide range of tissues (e.g., cells, suspension cultures, epidermis, coleoptiles, or root tips) by simple enzymatic methods involving the com-* E-mail corresponding author: asrsl@uohyd.ernet.in, as_raghavendra@yahoo.com bined use of cellulase and macerozyme (Evans 1976 , Schlangstedt et al. 1992 , Devi et al. 1992 . Protoplasts have been extensively used for plant regeneration and genetic engineering, e.g. including tissue culture (Takeuchi et al. 1998 , Maurel et al. 1995 and generation of somatic hybrids (Cai 1988) . Besides their use in plant biotechnology, protoplasts have been model systems to study various aspects of plant metabolism, such as photosynthesis, respiration and responses to osmotic stress, chilling, or supra-optimal light (Saradadevi and Raghavendra 1992 . Isolated protoplasts also provide also an interesting opportunity to study the properties of the plasmalemma, protein, and membrane fluidity (Evans 1976) . The swelling/contraction of guard cell protoplasts are quite similar to the pattern of opening/closure of stomata, as both processes respond similarly to factors such as K + and ABA (Willmer and Fricker 1996) . However, the protoplasts have certain limitations. A major disadvantage of protoplasts is their limited stability at room temperature, particularly at 30˚C or above. The protoplasts are quite delicate and have to be handled gently. The tendency of protoplasts to sediment can limit the use of protoplast systems in measurements, such as stopped flow based systems. The system of protoplasts could be a simple system to monitor volume changes. The protoplast volume can be monitored easily by using either their diameter or their absorbance at 440 nm (corrected for turbidity at 750 nm; Willmer et al. 1999) . The decrease in protoplast volume was strongly correlated with the extent of inhibition of photosynthesis (Saradadevi et al. 1996) .
In the present work, the effects of four plant hormones [( ± )-cis, trans-abscisic acid (ABA), methyl jasmonate (MJ), gibberellic acid (GA 3 ) and indole 3-acetic acid (IAA)] on protoplasts, particularly on their volume were examined. While GA 3 or IAA caused the protoplasts to swell, ABA or MJ caused shrinkage. These hormones caused quick and remarkable changes in protoplast volume.
Water movement into and out of protoplasts is known to occur through aquaporins or water channels. Some experiments were designed to check if there is any role of aquaporins or water channels in the phenomenon of swelling or shrinkage. The response of plant tissue to hormones is facilitated by the participation of secondary messengers. An attempt was therefore made to assess the role of selected secondary messengers in hormone-induced swelling and shrinkage of protoplasts using pharmacological reagents.
Materials and Methods

Plant material
Seeds of pea (Pisum sativum cv. Arkel) were procured from Pocha Seeds Company, Pune, India. The plants were raised from seeds in plastic trays filled with soil and organic manure. Plants were grown outdoors under a natural photoperiod of approximately 12 h and average daily temperature of 30˚C during the day and 20˚C at night.
Isolation of mesophyll protoplasts
The mesophyll protoplasts were isolated from the first and second fully unfolded leaves of 8 to 10-day-old plants, as described in detail already (Devi et al. 1992, Saradadevi and . The protoplast pellet was washed twice in washing medium (0.4 mol/L sorbitol and 1mmol/L CaCl 2 in 10 mmol/L MES-KOH, pH 6.0) and once in the suspension medium of 0.4 mol/L sorbitol, 1 mmol/L CaCl 2 , and 0.5 mmol/L MgCl 2 in HEPES-KOH, pH 7.0. The pellet was finally suspended in the suspension medium to have a chlorophyll concentration of 200 µg mL -1 , and was then stored on ice.
Monitoring of volume changes
An aliquot of protoplast sample (equivalent to 20 µg chlorophyll) was added to the suspension medium of required sorbitol concentration and was mixed gently. After 2 min, the diameters of 50 mesophyll protoplasts were measured under a microscope using a precalibrated ocular micrometer. The average volume was computed from the measurements made on 50 mesophyll protoplasts. Unless otherwise specified, the suspension medium for mesophyll protoplasts contained 0.4 mol/L sorbitol. All the experiments were performed at room temperature (24 ± 2˚C) and in diffuse light of 5-10 µE m -2 s -1
. During the measurement of protoplasts the, the light on the microscope stage was 100 -150 µE m -2 s -1
.
Changed osmoticum
The protoplast volume changes on exposure to hyper-or hypoosmotic medium (Saradadevi et al. 1996) . This phenomenon was examined by transferring protoplasts from the basal medium containing 0.4 mol/L sorbitol to that of either 0.3 mol/L sorbitol (hypo-osmoticum, the protoplasts shrink) or 0.5 mol/L sorbitol (hyper-osmoticum, the protoplasts swell).
Effects of sulphydryl reactive compounds or agents that modulate secondary messengers
A sample containing mesophyll protoplasts equivalent to 20 µg chlorophyll was added to the suspension medium containing the test compounds. After 5 min, measurements were made of the diameter of 50 mesophyll protoplasts and the average volume was computed.
Chlorophyll estimation
After extraction into 80 % (v/v) acetone, the chlorophyll content of the mesophyll protoplasts samples was determined (Arnon 1949) .
Solvent effects and replication
The four plant hormones were dissolved in ethanol, and U73122 was dissolved in DMSO. Necessary controls were included to test the effect of the solvents mentioned above. Experiments were repeated three to five times on different days. The average values ± SE are reported.
Results
The four plant hormones (used in this work) caused remarkable changes in the volume of protoplasts (Fig. 1) . ABA ( ± , cis, trans-form) or MJ decreased the volume by 30 to 40 % while GA 3 or IAA increased the volume by 45 to 90 %. The extent of shrinkage by ABA and MJ was similar, whereas swelling by GA 3 was much more than that by IAA. The changes were quick and occurred within 2 min (Fig. 2) . Changes in osmotic strength of the suspension medium also lead to swelling or shrinkage of the protoplasts. A decrease in osmotic strength (0.4 mol/L to 0.3 mol/L) caused a swelling in protoplast volume, while an increase in osmotic strength (0.4 mol/L to 0.5 mol/L) resulted in shrinkage of protoplasts. However, the effects of ABA or MJ (shrinkage) and GA 3 or IAA (swelling) could be noticed irrespective of the osmotic strength of the medium (Table 1) . Furthermore, the extent of swelling by GA 3 , when expressed as a percentage of that in normal osmoticum (without GA 3 ) was > 200 %. Similarly, the shrinkage by ABA was as low as 55 %.
Modulators of sulphydryls (e.g., HgCl 2 and mercaptoethanol, ME) affected the swelling or shrinkage induced by four plant hormones. The presence of HgCl 2 restricted the volume changes (swelling or shrinkage), while the presence of mercaptoethanol reversed the effect of HgCl 2 (Table 2) . It is possible that the volume changes in mesophyll protoplasts, induced by the plant hormones, are mediated by secondary messengers. The possible role of secondary messengers was assessed by monitoring the volume changes induced by GA 3 in the absence of compounds that are known to modulate different secondary messengers (Table 3) . GDP-β-S (G-protein antagonist) as well as U73122 (inhibitor of phospholipase C, PLC) suppressed the swelling caused by GA 3 . Trifluoperazine (TFP), a calmodulin antagonist, blocked only the effect of GA 3 . In contrast, GTP-γ-S (G protein agonist), 1-butanol (inhibitor of phospholipase D, PLD) and verapamil (calcium channel blocker) had no effect.
Discussion
The shrinkage or swelling of protoplasts on exposure to changes in osmotic strength of the suspension medium is well established (Saradadevi et al. 1996 , Willmer et al. 1999 . We now report, for the first time, marked changes in the volume of the protoplasts induced by a spectrum of four plant hormones (Fig. 1) . These changes were quick (Fig. 2) and dependent on the concentration of hormone. Such marked (165) changes in protoplast volume imply that plant hormones may play a very important role in modulating the protoplast volume in situ. The changes in the protoplast volume caused by the growth regulators were independent of the osmotic strength of suspension medium.
A decrease in the volume of the protoplasts caused by ABA and an increase by GA 3 have been noted earlier. The guard cell protoplasts of Commelina communis shrinked on exposure to ABA (Fitzsimons and Weyers 1987) . Similarly, gibberellic acid induced swelling of protoplasts from etiolated wheat leaves (Blakeley et al. 1983 , Cherry 1977 . Both GA 3 and IAA caused extension growth in plant tissues, implying an increase in the volume of cells (Blakeley et al. 1983 , Cherry 1977 . However, to our knowledge there have been no reports on changes in cell volume induced by MJ or IAA. The extent of swelling caused by GA 3 was much higher than that by IAA (Fig. 1) , the reasons for this need to be analyzed further.
There are several analogies between the effects of ABA or MJ on plant tissues. The levels, not only ABA (Bray 1997) , but also of jasmonic acid, increase significantly on exposure of plant cells to drought or water deficit (Creelman and Mullet 1997) . MJ is similar to ABA in modulating various growth and developmental responses in plants, including stomatal opening, desiccation, and responses to water or osmotic stress (Raghavendra and Reddy 1987 , Parthier 1991 , Sembdner and Parthier 1993 . In the present experiments, both ABA and MJ caused shrinkage of the protoplasts, and the patterns of shrinkage with increasing concentrations of ABA or MJ were quite similar (Fig. 1) . However, subtle differences may exist in the effects of ABA or MJ (Sembdner and Parthier 1993) .
The osmotic environment has a marked influence on the protoplast. The mesophyll protoplasts shrink on exposure to hyperosmotic medium and swell in hypo-osmotic medium (Saradadevi et al. 1996 , Willmer et al. 1999 . However, the changes induced by the plant hormones (shrinkage by ABA or MJ and swelling by GA 3 or IAA) were seen, irrespective of the osmotic strength of the medium (Table 1) . This observation is quite important and suggests that the growth regulators may induce marked volume changes in mesophyll protoplasts, irrespective of osmotic environment. The effects of osmoticum and hormones seem to be additive. The extent of swelling (by IAA or GA 3 ) increased in hyposmotic pressure, while shrinkage (by MJ or ABA) increased in hyperosmotic medium. It is quite tempting to speculate that similar mechanisms may be operating during the swelling or shrinkage of protoplasts caused by hormones or change in osmoticum.
Recent studies demonstrated that water transport across the cell or protoplast might occur through aquaporins (water channels) located on the plasma membrane and tonoplast. The process of water movement through aquaporins is distinct from the process of diffusion. A typical property of the aquaporins is their high sensitivity to mercurials. As a result, the water transport is inhibited by mercurial compounds (such as HgCl 2 or p-chloromercuribenzenesulphonate), while sulphydryl reductants (such as mercaptoethanol, DTT or DTE) can reverse the inhibition caused by mercurial compounds (Qiu et al. 2000 , Martinez-Ballesta et al. 2000 , Willmer et al. 1999 . The swelling or and shrinkage caused by GA 3 / IAA and ABA/MJ respectively was prevented by the presence of HgCl 2 , and the effect of HgCl 2 was reversed by ME (Table  2 ). These observations indicate that the water movement out of and into protoplasts induced by the plant hormones was facilitated by aquaporins.
Exposure of plants to any stress exerts a profound influence on the levels of plant hormones. For example, during water deficit the levels of cytokinins increase, while that of ABA decrease. These hormones may act as signals of stress. In fact, ABA is a well-known signal of water stress at both the whole-plant and cellular level. Several observations indicate that jasmonates can also be a signal, as their levels are modulated on exposure to mechanical perturbation, wounding (Creelman et al. 1992) , or water deficit (Creelman and Mullet 1995) . Furthermore, externally added MJ can modulate cellular events including gene expression (Harms et al. 1995) .
The participation of secondary messengers in plant tissues during the transduction of hormonal signals, such as GA 3 or IAA or ABA, is expected. The role of secondary messengers is usually evaluated by employing compounds that activate or antagonize their function. Among the compounds used in the present work are GTP-γ-S/GDP-β-S (activator/antagonist of G-proteins), U73122 (inhibitor of PLC), 1-butanol (inhibitor of PLD), TFP (calmodulin antagonist), and verapamil (Ca 2 + channel blocker) (Lovegrove and Hooley 2000 , Jones et al. 1998 , Staxen et al. 1999 , Ritchie and Gilroy 1998 , Parvathi and Raghavendra 1997 , Suhita et al. 2003 . The blocking by GDP-β-S and U73122 of volume changes indicates that G-proteins and PLC are involved in the effect of GA 3 . Similarly, the effect of GA 3 was dependent on calmodulin, as indicated by the restriction by TFP of protoplast swelling. In contrast, the action of GA 3 on protoplast volume was not mediated by PLD, as indicated by the absence of any effect by 1-butanol. The involvement of PLC and G-proteins during the effect of GA 3 has been noted earlier in aleurone protoplasts in barley (Lovegrove and Hooley 2000 , Jones et al. 1998 , Ritchie and Gilroy 1998 .
The volume of mesophyll protoplasts was quite sensitive to plant hormones, particularly GA 3 or IAA (Fig. 1) . The volume changes in mesophyll protoplasts are easy and simple to measure by determining their diameter (as in the present work, Fig. 1 ) or absorbance at 440 nm (Willmer et al. 1999) . The size can also be monitored under a microscope using an image analysis system. The volume changes induced by the growth regulators were not influenced by the osmotic strength of the medium. Guard cell protoplasts are extensively used for studies on signal transduction, particularly the properties of ion channels and responses to plant hormones (Leckie et al. 1998) . We therefore suggest that the volume changes in mesophyll protoplasts can be used as a parameter to study the phenomena of hormonal responses. While this manuscript was under preparation, an article by Sheen (2001) appeared to describe the use of protoplast transient expression systems to elucidate signal transduction pathways. Our results strongly endorse this suggestion.
